Doppler self-mixing laser probing techniques are often used for vibration measurement with very high accuracy. A novel optoelectronic probe solution is proposed, based on off-the-shelf components, with a direct reflection optical scheme for contactless characterization of the target's movement. This probe was tested with two test bench apparatus that enhance its precision performance, with a linear actuator at low frequency (35 m, 5-60 Hz), and its dynamics, with disc shaped transducers for small amplitude and high frequency (0.6 m, 100-2500 Hz). The results, obtained from well-established signal processing methods for self-mixing Doppler signals, allowed the evaluation of vibration velocity and amplitudes with an average error of less than 10%. The impedance spectrum of piezoelectric (PZ) disc target revealed a maximum of impedance (around 1 kHz) for minimal Doppler shift. A bidimensional scan over the PZ disc surface allowed the categorization of the vibration mode (0, 1) and explained its deflection directions. The feasibility of a laser vibrometer based on self-mixing principles and supported by tailored electronics able to accurately measure submicron displacements was, thus, successfully demonstrated.
Introduction
Laser Doppler velocimetry is a well-known measurement technique, widely used for accurate and remote measurement of fluid velocity and objects' displacement, velocity, and acceleration. The use of a laser diode (LD), both as an emitter and as a receiver of coherent light, allows for the capability to measure the velocity and displacement of a moving target surface. These optoelectronic elements, LDs, have been widely used in many different areas due to these remarkable features such as high sensitivity and accuracy, contactless operation, and a simplified optical scheme, when compared with most of the alternative sensors [1] [2] [3] [4] .
In order to measure the Doppler signal produced by a vibrating moving target, an optical probe based on a LD with self-mixing interference capabilities was used. This probe was tested with two different test benches in order to determine its ability to accurately measure velocity and other movement characteristics of a moving target. One test bench was composed by a linear actuator (35 m of amplitude) at low frequency (5-60 Hz), other with disc shaped transducers with small amplitude (0.6 m) and high frequency (100-2500 Hz).
The optical solutions based on a LD with an algorithm for self-mixing signal processing represent an interesting tool to the determination of features of the movement described by PZ and for the study of vibration mode of PZ disc surface [5, 6] .
The information of the self-mixing signals is mostly encoded in the frequency domain and, to extract important data, signal processing techniques such as the Doppler spectrogram and power spectral density was used [7] . These methods allow the extraction of the movement profile and the absolute displacement.
The features of movement measured from Doppler frequency shift during a motion of PZ enable the characterization of the relationship of energy conversion between electrical and mechanical domains.
Advances in Optics
The piezoelectric transducers have been extensively used in several applications [5] ; however, there is a gap in a global characterization study of dynamic behaviour like the vibration modes of the structure, impedance spectrum, resonant frequencies, and energy balance analysis.
This study represents a global analysis of piezoelectric actuators in dynamic stage with a simple and low-cost probe for Doppler velocity measurements, which allows the determination of the vibration modes of a piezoelectric disc membrane, and the algorithms for self-mixing signal processing that allows the determination of vibration features, such as velocity and amplitude, a frequency spectrum of the PZ and energy balance analysis.
Material and Methods
The optical probe based on self-mixing technique was tested in two different test setups, where two types of displacement transducers were used. On a precision test setup, a piezoelectric actuator (ACT) was used, electronically driven (700 m Physik Instrument GmbH, P-287), and biased by a high voltage linear amplifier (HVLA) Physik Instrument GmbH, E-508. This test allowed a profile error evaluation by comparing the original values defined in the system with the measurements obtained by the self-mixing signals.
A second test bench, built to characterize the dynamics of the movement, was based on a disc shaped piezoelectric element driven by an oscillating electronic circuit.
Self-Mixing
Theory. The basic theory of the self-mixing effect is explained by the presence of two Fabry-Perot cavities whose parameters are sensitive to variations of the external cavity length and frequency shift of the back-scattered light [8] [9] [10] . The light from the LD is focused on the remote target and undergoes a Doppler frequency shift proportional to the target surface orthogonal velocity. A fraction of the backscattered shifted light returns to the LD cavity and coherently interferes with the original light in the laser cavity [11, 12] , producing a modulated signal.
The theoretical relationship for the Doppler frequency is given by (1) , where ] is the vector magnitude of the target's velocity, is the angle between the optical axis of the sensor and the velocity vector, and is the coherent light source [4] . Consider
The interference of these two light sources (the reference beam with the original frequency and the Doppler shifted beam) produces a beat frequency related to the first order Doppler shift of the beam reflected by the moving surface [13] . For small amplitude moving targets, or limited velocity objects, this beat frequency corresponds to a much lower frequency (around MHz) than the laser light (THz) and can, therefore, be detected with a fast photodetector. In the specific case of the self-mixing LD, the photosensitive part is coupled to the laser cavity itself.
The readout LD signal is converted in a Doppler spectrogram, using a short-time Fourier transform (STFT), resulting in a frequency shift dependent plot as a function of time. The STFT assumes that the signal is stationary during the analysis interval [7, 14] and the overall spectrogram represents a sequence of spectral power distributions in a time versus frequency space. In specific cases, such as a not constant target velocity, the statistical distribution of the measured Doppler shifts is proportional to the power spectral density (PSD) of the target velocity. The maximum Doppler frequency corresponds to the maximum velocity of the target. The peak of PSD corresponds to the dominant frequency and can be related with the velocity by (1) [6, 15] .
The Doppler spectrogram allows the determination of other features of the target movement such as amplitude and period and can be used to reconstruct the movement equations that describes the target vibrations [14] .
Technology.
The probe makes use of a laser diode (Laser Components, ADL-65075TL Visible Laser Diode), with a peak wavelength of 635 nm and an output power of 5 mW. This LD is extensively used in optical drivers, and all the system is based on simple electronic components with an optical scheme of a single optical axis [7] .
The optical probe, placed orthogonally to a printed circuit board layer and the LD, was driven by a constant current source. Figure 1 illustrates the electronics used for both driving the LD and to perform the signal readout. A constant current is imposed by a voltage regulator (LM337) in a configuration where a resistor ( ) sets the output current through the load. The electronic amplification circuit consists of an ultralow bias current monolithic operational amplifier (Texas Instruments, OPA129UE4) for the current-to-voltage conversion (trans-impedance amplifier) [7] . The acquisition box comprises a data acquisition system (DAS), a DC/DC converter, and an USB connection for primary power supply and interface with the host controller. The DC/DC circuit converts the standard USB +5 V to the voltages required by the analog electronics (±15 V) of the optical probe [7] .
The signals were acquired using a 16-bit resolution data acquisition system (National Instruments, USB-6343) and stored for offline analysis using Mathworks MATLAB. Figure 2 , was based on a piezoelectric actuator (ACT) mechanically coupled to a mirror surface that acts as the moving target. For bench procedure, a sinusoidal driving signal was used, thus, providing a single frequency oscillatory movement. This test was designed to evaluate the ability of the optical probe to measure the velocity and amplitude in a micron range.
Test Bench I. The test bench I, which is represented in
The sinusoidal movement signal was provided by an actuator (ACT in Figure 2 ) driven by the HVLA that amplifies to the appropriate high voltage level the Agilent 33220A output. The mirror attached to the actuator reproduced a pure sinusoidal movement with 35 m of amplitude.
In the velocity study, several frequencies, from 5 to 60 Hz, were tested with the optical probe axis perpendicular to the mirror surface in order to detect the Doppler frequency modulation imposed to the reflected light.
Test Bench II.
In a second test bench the ACT was replaced with a piezoelectric disc and finely polished to improve the reflection properties of the vibrating surface. A circularly-shaped piezoelectric sounder, MURATA 7BB-35-3, with 23 mm electrode size diameter and 2.8±0.5 kHz resonant frequency, was used.
To determine the characteristics of the PZ vibration, a sinusoidal voltage signal, from an Agilent 33220A arbitrary waveform generator, was used as a driving signal for the sounder. probe. The PZ is welded at two points at the edge of the metal disc to guarantee free vibration of the piezo wafer.
Results and Discussion
The self-mixing signals readout from the optical probe were processed in order to characterize the mechanical dynamics of the target. Complementally, a study of the errors associated to this measure was performed.
Actuator Velocity Assessment.
The self-mixing signals were sampled at 100 kHz. Figure 4 shows the power spectrum of the self-mixing signals obtained when the sinusoidal frequency that drives the ACT is swept from 5 to 60 Hz, with constant amplitude of the 35 m. The Doppler frequency is computed as the maximum peak in the power spectrum calculated for the signals (magenta dots). It is clearly visible that the Doppler frequency increases when the ACT velocity also increases. However there is a nonlinear correlation between these two variables that were expected to be linearly correlated. This behaviour results from the operating limits the HVLA when it drives high capacitive loads. Regarding the inherent electrical capacitance of the actuator (290 nF ± 20%), the response curve of the HVLA presents a decreasing amplitude for frequencies values higher than 45 Hz.
In Figure 4 it is also possible to identify another frequency component, which is twice the Doppler frequency, representing a second harmonic generated by the multiple reflections at the dielectric mirror used in the test setup. An interface between two different dielectric media is a source of second and third-harmonic components which are clearly visible in the spectrogram (Figure 4 ) [16] . In the power spectrum plot the presence of a strong component at 28.52 kHz and at 42.97 kHz is also clear, for all the analysed signals. This effect results from an interference in the data acquisition system (DAS), which is easily proved since the two peaks remain in the spectrum even for acquisitions with the probe turned off. However, these interference peaks do not affect our conclusions on the target's dynamics, if properly considered during processing.
The theoretical relationship for the Doppler frequency (1) allows the determination of the ACT velocity. To solve the equation that describes the sinusoidal movement, the amplitude of the ACT displacement needs to be assessed. The spectrogram is considered to be the most valuable tool to derive the target movement from the self-mixing signals. This time dependent spectral description of the signal is obtained through a sequence of STFTs over the analysis interval, providing a two-dimensional matrix with the coefficients proportional to the frequencies present in each time window ( Figure 5 ). In this grey scale plot the predominant frequencies are represented by the darker colours (50 dB). The successively attenuated harmonics are clearly visible as lighter traces on the STFT plot. The sinusoidal movement is described by (2) , where is the amplitude of the movement and is the angular frequency:
These expressions are related to (1) leading to the equation that describes the velocity V = . 
Evaluation Error in Actuator Movement.
The velocity computation, according to the previously described expressions, revealed a particular distribution illustrated by Figure 6 . The comparison between these values obtained from the self-mixing signal analysis and the real values imposed on the actuator shows an average error of 10% for the amplitude and velocity values.
This error is inversely proportional to the ACT driving frequency for values bellow 45 Hz and quickly increases above this value. This behaviour is explained by the performance degradation of the actuator for this frequency range, as mentioned earlier.
The relative error is higher at lower velocities and decreases when the velocity increases. Similar results obtained by other authors [4, [17] [18] [19] ] support our observations. It is shown that the method is not sensitive to slow movements, that is, low frequencies, since the Doppler frequency is too close to the fundamental frequency and consequently cannot be clearly distinguished.
The movement amplitude is estimated from two variables extracted from the self-mixing analysis: V and . The amplitude mean value obtained is 33.8 m with standard error of 5.6 m. The error associated to these values produces an amplitude error of less than 20% in all measurements.
PZ Velocity Measurements. Higher Doppler frequencies
are expected for the test bench II that was used to characterize the piezoelectric transducer. As the sampling frequency must always be higher than twice the measured beat frequency (from the Nyquist-Shannon theorem), the self-mixing signals were sampled at the higher possible frequency supported by the DAS, that is, 500 kHz.
To study the PZ vibration it was necessary to select the best surface region on the PZ to acquire the signals. In order to build the PZ vibration profile, a systematic disc surface scan was performed. The axis linear precision positioners were used in 28 incremental steps, both in -axis and in -axis, resulting in asquare image (28 × 28 pixel). The signals were acquired for a fixed vibration frequency of 600 Hz far enough from the PZ resonance frequency expected to be around 2.8 ± 0.5 kHz. The Doppler shifted frequencies determined are represented by a colour scheme in Figure 7 . From the observation of this image it can be concluded that points near the disc fixation site (left and right peripheral points) present low vibration, that is, the determined Doppler frequency is close to zero. This vibration absence, corresponds to a null velocity, and account for the elliptical shape of the vibration area.
The vibration amplitude, in the centre of disc, was estimated to be 0.6 m by using the central Doppler information presented in the PZ disc scanning. Figure 7 , obtained from the surface scan, can be used to identify the vibration mode of the PZ disc and explain the deflection directions on the disc. The vibration mode (0, 1) acts like a monopole source and represents the most efficient mode concerning the transfer of vibrational energy [5] .
The frequency spectrum of the PZ measured by the optical probe is shown in Figure 8 . The PZ disc transducer was swept by frequencies from 100 to 2500 Hz, and, for each scan, four slightly different amplitudes were tested. Frequencies above 2.5 kHz were tested but the power spectrum of the self-mixing becomes very complex, making the Doppler frequency determination very hard most likely due to the resonance effect expected for these frequencies. The behaviour of the Doppler frequency curve (Figure 8 ) shows an inflection point when the PZ vibrates at 1 kHz that can be properly understood considering the impedance analysis of the PZ (Section 3.4).
In the test bench the piezoelectric layer converts electrical energy into mechanical energy. When excited at the resonant frequency, the PZ will resonate freely with higher amplitude than at any other frequencies. In the vicinity of this resonant frequency, an anti-resonant frequency is expected, with a consequent impedance maximum and, therefore, minimum oscillation amplitude.
The ability to transform electrical energy into mechanical energy depends on the frequency response of the PZ and can be measured through the impedance spectrum.
PZ Impedance
Measurements. An electrical impedance spectroscopy (EIS) system [20] was used to obtain the spectrum of impedance profile (Figure 9) , and a comparative analysis was performed with profile estimated from the optical signals.
The resonant frequency, that is, minimum of impedance, occurs at 3 kHz which corresponds to the value expected for the PZ used in this study. The antiresonant frequency, that is, maximum impedance, occurs immediately afterwards, at about 3.3 kHz. For the antiresonant frequency, the PZ disc shows almost no displacement and no reproductive behaviour to the applied voltage, showing minimum conversion of electrical energy into mechanical energy. There is another maximum in the impedance curve that explains the particular behaviour for the determined Doppler frequencies. At around 1 kHz (red dot mark in Figure 9 ) the Doppler frequency is close to zero due to the higher impedance of PZ. The dashed box in Figure 9 defines the frequency window that is represented in Figure 8 and exhibits the same wave profile, which explains the behaviour of PZ vibration and Doppler frequencies obtained.
PZ Energy Study.
The electric to mechanical energy conversion in the actuator accounts for the mechanical 6 Advances in Optics movement (oscillation) of the PZ element and its adjacent materials, when the sinusoidal voltage is applied. The electric power delivered to the PZ is evaluated by measuring its electrical current using a sense resistor. The instantaneous electric power for a 600 Hz frequency was found to be 2.9 × 10 −3 W.
The mechanical power was computed as the sum of the power of each pixel, as seen in Figure 7 : = ∑ V where and V are acceleration and velocity, respectively, directly derived from the corresponding Doppler frequencies, and is the mass of the vibrating pixel, estimated from its dimensions and from the physical properties of the disc [21] . A total mechanical power of 6.01 × 10 −6 W was computed.
The efficiency of the energy conversion process, understood as the ratio between the electrical input and the mechanical output powers, was computed to be 2.07 × 10 −3 . A significant part of the electric energy seems to be lost due to the source-load impedance mismatch at 600 Hz, which is very far from equality, the condition for maximum power transfer. The low conversion efficiency of piezoelectric materials also contributes to these final results that are similar to others [21, 22] .
Conclusions
A low-cost optical system able to acquire a self-mixing signal from a vibration target has been assembled and was used to develop an algorithm for estimation of the movement features. The new optical system is portable, compact, lightweight and it was designed with low power and off-theshelf materials, easy to assemble and align, in order to be considered as an interesting solution.
The developed algorithm uses well established methods for signal processing of self-mixing Doppler signals, such as the STFT and PSD for the determination of the features of the movement. This method allows the estimation of the movement equations and the evaluation of velocity and amplitude with an average error of less than 10%.
A test bench apparatus based on electromechanical actuator evidences limitations on its operation limits due to the electronic circuitry that introduces an error for movements with frequencies upper than 45 Hz.
The results obtained by the Doppler signals enabled the construction of the vibration curve of the PZ, and it was confirmed by the impedance spectroscopy analysis.
The scan of all regions of the PZ disc allowed the identification its main vibration mode (0, 1) and explained the deflection directions in the disc.
The energy balance analysis allowed the evaluation of the electromechanical characteristics of the piezoelectric disc, under dynamic conditions, and the determination of the efficiency of electrical power conversion into mechanical power.
Finally, it has been demonstrated that a laser vibrometer based on the self-mixing effect, with a simple optical apparatus, can accurately perform measurements of velocity and displacements in sub-micron vibrations amplitudes.
